For unraveling complex genetic traits and for marker-assisted selection in plant breeding, using elite germplasm for quantitative trait loci (QTL) mapping provides advantages over traditional linkage analysis. Association or linkage disequilibrium (LD) mapping revolutionized genetic mapping in humans, and is increasingly being used to examine plant genetics; it has been suggested that it is an efficient way of determining the genetic basis of complex traits. In this study, a natural population comprising 128 japonica rice varieties was investigated during two years, for eleven important agronomic traits. The population was genotyped using 152 microsatellite markers across the whole genome. A unified mixed linear model was used to identify marker-trait associations, taking into account population structure and kinship. A total of 16 significant marker-trait associations were identified. It is noteworthy that the loci exhibiting significant marker-trait associations were in genomic regions also identified as such in previous reports, and some new QTL regions for important agronomic traits were also detected in this study. Our results demonstrate that using association analysis to examine different varieties is an efficient approach and provides indicators that can be used in rice breeding.
INTRODUCTION
Association or linkage disequilibrium (LD) mapping, which revolutionized genetic mapping in humans (Donnelly, 2008) and is increasingly being applied to plants (Nordborg and Weigel, 2008) , and is considered an efficient way of determining the genetic basis of complex traits. Comparing traditional linkage mapping which depends on restricted allelic variation with a small number of recombination events, using the association mapping there is no need to develop segregating populations such as F2, double haploid (DH) or backcross populations, instead a natural collection of inbred *Corresponding author. E-mail: gche@whu.edu.cn. Tel: +86-27-87641314. Fax: +86-27-68752327.
Abbreviations: QTL, Quantitative trait loci; LD, linkage disequilibrium; GWA, genome-wide association; MLM, mixed linear model; PIC, polymorphism information content; UPGMA, unweighted pair group method of the arithmetic average. lines or varieties can be used. There is also the potential for discovering the QTL responsible for multiple traits, and examination of a higher proportion of polymorphic molecular markers could provide better genome coverage than any bi-parental population (Flint-Garcia et al., 2005; Jannink et al., 2001; Nordborg and Weigel, 2008) . Essentially, the method could exploit the historical recombination events that have occurred in natural populations, thus reducing the cost and time taken for analysis (Flint-Garcia et al., 2005; Wen et al., 2009; Yao et al., 2009) . Moreover, QTL and molecular markers detected in the inbred lines and elite germplasm can be used directly in breeding programs.
Rice (Oryza sativa L.), an important agricultural crop and a model species, has been cultivated for more than 7,000 years (YunFei et al., 2007; Zong et al., 2007) . The differentiation and diversification of annuals in South Asia have been accelerated by marked climatic changes following the last glaciation, dispersal of plants over wide latitudinal or altitudinal ranges, human selection and manipulation of the cultural environment. Widespread dispersal of the Asian rice cultigen led to the formation of three eco-geographic races: indica, japonica and javanica (Chang, 1976) . With its high level of genetic diversity, historical recombination events must have occurred in natural populations of rice. Association mapping is therefore feasible, and potentially very useful for rice. In particular, since rice has been completely sequenced, it has a relatively small genome and is well suited to Genome-wide association (GWA). Recently, the association between 123 SSR loci and the complex traits associated with yield and its components, such as kernel width, kernel length, kernel width/length ratio, and 1000-kernel weight were estimated by Agrama et al. (2007) in 103 rice germplasm accessions. Subsequently, Wen et al. (2009) used the mixed linear model (MLM) method to identify SSR marker loci associated with three agronomic traits -heading date, plant height and panicle length -on chromosome 7 from a diverse sample of Chinese rice germplasm. Relatively little research on genome-wide associations in rice has been reported, and much remains to be done to exploit fully the rice germplasm resources associated with complex agronomically useful genetic traits. In this study, we determined the population structure in a natural population that consisted of 128 japonica rice varieties. Furthermore, we used the mixed linear model method in the TASSEL software to conduct association analysis for eleven important agronomic traits through genome-wide scanning. Finally, the potential application of association analysis results for parental selection or marker-assisted selection for the development of superior rice varieties is discussed.
MATERIALS AND METHODS

Sample collection
A total of 128 japonica rice varieties were used in this study. The varieties originated from different regions of China and have been widely used as parents in plant breeding during past decades. Only a few of the varieties had been introduced from other countries, including Italy, Japan and North Korea; one of these was the genome sequenced variety Nipponbare (Supplementary information  Table S1 ).
Field experiments and phenotypic evaluation
For field studies, each rice variety was planted out in a field at the experimental farm of the Hubei Academy of Agricultural Sciences (Wuhan, China) using a randomized block design (RBD). There were two replicates for each variety in each phenotypic evaluation experiment during the summers of 2008 and 2009. Each plot consisted of three rows, each containing 10 mounds. For all varieties, seedlings aged about 30 days were transplanted into the field at a spacing of 16.7 cm between plants within each row and 26.7 cm between the rows. The middle five plants in the central row of each plot were sampled in order to examine agronomic traits. Eleven quantitative traits of agronomic and economic importance, particularly relating to grain yield, were evaluated: heading date (HD; in days), plant height (PH; in centimeters), panicles per plant (PPP), panicle length (PL; in centimeters), spikelets per panicle (SPP), filled grains per panicle (FGPP), percentage seed set (SS), grain density (GD, which is the number of grains per 10 cm of panicle length), 1000-grain weight (KGW; in grams), flag leaf length of the main panicle (FL; in centimeters), and grain yield per plant (GYPP; in grams). All quantitative traits were obtained from two replicates in the experiment during each year. For SPP, FGPP and GYPP, all panicles from a plant were evaluated. For each trait, means of the replicates were used in the data analyses.
SSR genotyping
Total genomic DNA was extracted from the leaf tissue of six seedlings per variety following the methods described by Murray and Thompson (1980) . Due to preparatory work for the screening of molecular markers, minor heterozygous loci were eliminated and the homozygous loci over all varieties were used preferentially in the subsequent analysis. Heterozygous loci and rare alleles were excluded. Thus, a total of 152 polymorphic microsatellite markers, approximately evenly distributed on the 12 chromosomes of rice, were used for genotyping (supplementary information, Table S2 ). Microsatellite polymorphism was analyzed by PCR. Amplification of DNA was performed in a 10 μL reaction mix consisting of 20 to 50 ng template DNA, 10 × PCR buffer, 0.2 mmol dNTPs, 0.2 μM forward and reverse primers, and 0.5 unit of TaqDNA polymerase. The PCR products were detected using the optimized silver staining method in denaturing polyacrylamide gels (Han et al., 2008) . Primer sequences and PCR amplification conditions for each set of primers and the physical positions of marker loci were based on published Nipponbare sequence databases (http://www.gramene.org; http://www.ncbi.nlm.nih.gov/).
Data analysis
Allelic diversity and population structure Summary statistics for the allele diversity of 152 SSR markers in 128 varieties were calculated using the PowerMarker V3.25 program (Liu and Muse, 2005) ; these included allele number, gene diversity, and polymorphism information content (PIC). The population structure was estimated with the model-based (Bayesian) cluster software STRUCTURE 2.3.1 (Falush et al., 2003) . All marker loci which were evenly distributed across all 12 chromosomes were used to estimate the population structure. The software was set to have a burn-in of 10,000 and a run length of 100,000 with an admixture model and correlated allele frequencies for inferring the number (K) of subpopulations, ranging from K = 1 to K = 10 for ten parallel calculations. Inferred ancestry of individuals was indicated by estimated Ln probabilities for the data. In the model-based clustering algorithm, each line was estimated to have memberships in multiple subgroups, indicated by membership coefficients.
Cluster analysis
The proportion of shared alleles distance was used to calculate estimates of genetic distance for all pairs of individuals with all 152 markers using PowerMarker v3.25 software (Liu and Muse, 2005) . The calculation was performed according to the method of Chakraborty and Jin (1993) . The genetic distance matrix was used in cluster analysis based on the unweighted pair group method of the arithmetic average (UPGMA), performed over 1000 bootstrap replicates. 
Association mapping
Associations between traits and markers were calculated using TASSEL 2.1 with the MLM program in the (Q +K) model (Yu et al., 2006) . The unified mixed linear model simultaneously takes into account population structure and kinship and can effectively control false associations. The significant marker-trait associations were indicated by a P-value with corresponding R 2 for each marker as the percentage of the total variation explained.
RESULTS
Phenotypic variations
The summary statistics for the phenotypic data relating to the eleven traits of the 128 japonica varieties investigated in this study are shown in Table 1 . Marked variations were recorded among the rice varieties for the traits in the two study years. For example, the value of HD among these varieties ranged from 63 to 118 days in 2008 and 79 to 126 days in 2009. In addition, for PH, PPP, PL, SPP and FGPP the maximum values were approximately three times larger than the minimum values for the varieties studied. These relatively large levels of phenotypic variability were measured for all traits among rice varieties, indicating that this collection of elite japonica varieties was appropriate to use in association studies of agronomic traits.
Genome-wide allelic diversity at SSR loci
A total of 152 polymorphic SSR markers were used to genotype the 128 varieties, generating a total of 568 alleles (Supplementary information, Table S2 ). The average number of alleles per locus was 3.7368, ranging from 2 (RM315 on chromosome 1, etc) to 14 (RM591 on chromosome 10). The average gene diversity over all study represent a wide sample of distinct varieties developed during past decades across China.
Evaluation of population structure and cluster analysis
The model-based clustering method was performed using 152 marker loci, with the population structure estimated for ten replicates (Supplementary information, Table S2 ). The number of subpopulations (K) was determined on the basis of values of posterior probability (LnP (D)). For K = 1 to K = 4 the values of LnP (D) tended to increase steadily and, for all ten replicates, the highest likelihood was reached when K = 4. For higher values of K, LnP(D) either increased but not significantly or the runs did not produce consistent results. Thus, the 128 rice varieties were assigned to four sub-populations according to the results of the STRUCTURE analysis. On this basis, four sub-populations were assumed in the association mapping. Thus, the population structure matrix (Q) for K = 4 was used by MLM in the TASSEL software.
The phylogenetic tree generated from the SSR data suggested that the 128 varieties were grouped into four clusters (Figure 1) . In general, all samples for each variety fell into a single clade, and the cluster analysis presented here was generally consistent with the empirically predefined groups based on their derivative lines. The rice varieties used in this study primarily originated from the Yangtze River valley and North China, the main districts in which japonica rice is cultivated in China. The cluster analysis presented here provides another perspective on the relationships between the varieties and generally supports the population structure analysis.
Association analysis between agronomic traits and molecular markers
Using the MLM program in the TASSEL software, we identified marker-trait associations for the eleven agronomic traits evaluated. By carrying out genome-wide scanning, we detected a total of 16 significant marker-trait associations (P<0.01) ( Table 2 ). All of the 12 significant SSR loci were indentified for the agronomic traits, with the R 2 , percentage of the total variation explained ranging from 1.99 to 21.58%. Other parameters shown in Figure 2 were identified as follows:
Heading date (HD): We detected three locus with a significant association (P<0.01); RM1306 on chromosome 7 had the effect of explaining 8.19% of the total phenotypic variation. Plant height (PH): We detected four loci with significant associations; RM1306 had the largest effect, explaining 15.47% of the total phenotypic variation. Panicle length (PL): The marker locus significantly associated with PL was RM580 on chromosome 1, which explained 16.2% of the total phenotypic variation. Spikelets per panicle (SPP): The marker loci significantly associated with SPP were RM472 on chromosome 1, which explained 7.1% of the total phenotypic variation. Filled grains per panicle (FGPP): Only marker RM472 on chromosome 1 showed a genetic association with FGPP, explaining 6.92% of the total phenotypic variation. Percentage seed set (SS): Two loci exhibited significant associations; of these, RM6672 on chromosome 1 had the largest effect, explaining 21.58% of the total phenotypic variation. 1000-grain weight (KGW): Three loci were identified as having significant associations; of these RM1306 on chromosome 7 had the largest effect, explaining 13.53% of the total phenotypic variation. Flag leaf length of the main panicle (FL): We detected one locus RM542 on chromosome 7 with significant associations, explaining 7.63% of the total phenotypic variation.
We identified QTL had strong effects on multiple traits. For example, RM1306 on chromosome 7 had the greatest effect on the traits HD, PH and KGW, while RM472 on chromosome 1 and RM1306 on chromosome 7 were significantly associated with three traits simultaneously. Knowledge of these loci should make a valuable contribution to rice breeding programs.
DISCUSSION
Since rice is a species that has been completely sequenced, it is well suited to genome-wide association studies. The rice cultivars are, however, usually highly structured, owing to the species' ecological adaptations and population differentiation resulting from its complex breeding history involving both natural and artificial selection. Population structure is a strong confounding factor in association studies, especially with respect to traits that are important in local adaptation or diversifying selection and familial relatedness associated with recent co-ancestry (Nordborg and Weigel, 2008) . Thus, spurious associations have been reported frequently, without giving consideration to population structure (Gupta et al., 2005) . Many important crops like rice and wheat have an intricate pattern of stratification associated with the germplasm as a result of their complex breeding history, leading to spurious associations being suggested and causing complications when undertaking association mapping (Ersoz et al., 2008) . To address this problem, the unified mixed-model approach that accounts for multiple levels of genetic relatedness simultaneously has recently been proposed and has been used for association mapping in various crop species. The markers used for genotyping the rice germplasm collections in this study were more than other rice association studies (Wen et al., 2009; Yan et al., 2009) . One hundred and fifty-two polymorphic SSR markers used in our study were suitable for association mapping. Although, it still had some of the limitations in fine mapping, it probably was not subjected to ascertainment bias when looking at population structure. Here, we made use of the mixed linear model approach, which took into account population structure and familial relatedness, in order to reveal the association between SSR makers and eleven agronomic traits in rice. Such genome-wide association mapping should, therefore, be valid even in a selfing species such as rice with very high levels of population structure and much familial relatedness.
A total of 12 significantly associated loci (P<0.01) were detected in the experiments (Table 2) . We found positional convergence between the significantly associated loci detected in our study and previously reported QTLs. The marker locus RM1306 significantly associated with HD and explaining the highest proportion of phenotypic variations in this study was located in the same genomic region on chromosome 7 as reported previously (Lin et al., 2000; Yamamoto et al., 1998; Yano et al., 1997) . Marker locus RM429 on chromosome 7, significant with respect to HD, corresponded to a marker reported by Suh et al. (2005) . In addition, we found many loci that explained a small amount of phenotypic variation as a result of the effectiveness and high resolution when examining polygenes or minor QTLs by association mapping. The high consistency with previous reports in the identification of candidate markers demonstrates the value of genome-wide association analysis of rice varieties.
Furthermore, we also identified multiple pleiotropic effects associated with the candidate markers. The marker locus RM1306 on chromosome 7 was significantly associated with HD, PH and KGW simultaneously, demonstrating its strong effect on phenotypic variations. These multiple pleiotropic effects associated with candidate markers could be used in marker-assisted selection to improve breeding efficiency. The association mapping findings were verified by conventional linkage mapping within previous reports. Thus, association mapping provides a powerful tool in unraveling the complex traits in plants; association mapping using pedigree-based germplasm provides high resolution for QTL mapping. Moreover, association mapping is likely to pinpoint superior alleles that have been captured by breeding practices and facilitate marker-assisted selection in plant breeding (Zhu et al., 2008) . Thus, it provides essential clues that can be used in rice breeding.
Our data therefore demonstrate that using association analysis to examine important agronomic traits in rice Zhou et al. 2969 varieties is an efficient way of identifying significant loci associated with these traits. Simultaneous associations can be identified and QTL values for the traits determined. This is can be potentially useful for plant breeding programs.
